Three-Dimensional Super-Resolution Imaging by
Supporting Online Material
www.sciencemag.org/cgi/content/full/319/5864/807/DC1 Materials and Methods Figs. S1 to S3 Table S1 References Movies S1 to S4 29 August 2007; accepted 3 January 2008 10.1126/science.1149860
Three-Dimensional Super-Resolution Imaging by Stochastic Optical Reconstruction Microscopy
Bo Huang, 1, 2 Wenqin Wang, 3 Mark Bates, 4 Xiaowei Zhuang 1,2,3 * Recent advances in far-field fluorescence microscopy have led to substantial improvements in image resolution, achieving a near-molecular resolution of 20 to 30 nanometers in the two lateral dimensions. Three-dimensional (3D) nanoscale-resolution imaging, however, remains a challenge. We demonstrated 3D stochastic optical reconstruction microscopy (STORM) by using optical astigmatism to determine both axial and lateral positions of individual fluorophores with nanometer accuracy. Iterative, stochastic activation of photoswitchable probes enables high-precision 3D localization of each probe, and thus the construction of a 3D image, without scanning the sample. Using this approach, we achieved an image resolution of 20 to 30 nanometers in the lateral dimensions and 50 to 60 nanometers in the axial dimension. This development allowed us to resolve the 3D morphology of nanoscopic cellular structures. F ar-field optical microscopy offers threedimensional (3D) imaging of biological specimens with minimal perturbation and biomolecular specificity when combined with fluorescent labeling. These advantages make fluorescence microscopy one of the most widely used imaging methods in biology. The diffraction barrier, however, limits the imaging resolution of conventional light microscopy to 200 to 300 nm in the lateral dimensions, leaving many intracellular organelles and molecular structures unresolvable. Recently, the diffraction limit has been surpassed and lateral imaging resolutions of 20 to 50 nm have been achieved by several "super-resolution" far-field microscopy techniques, including stimulated emission depletion (STED) and its related RESOLFT (reversible saturable optically linear fluorescent transitions) microscopy (1, 2) ; saturated structured illumination microscopy (SSIM) (3); stochastic optical reconstruction microscopy (STORM) (4, 5) ; photoactivated localization microscopy (PALM) (6, 7); and other methods using similar principles (8) (9) (10) .
Although these techniques have improved 2D image resolution, most organelles and cellular structures cannot be resolved without high-resolution imaging in all three dimensions. Three-dimensional fluorescence imaging is most commonly performed using confocal or multiphoton microscopy, the axial resolution of which is typically in the range of 500 to 800 nm (11, 12) . The axial imaging resolution can be improved to roughly 100 nm by 4Pi and I 5 M microscopy (13) (14) (15) . Furthermore, an axial resolution as high as 30 to 50 nm has been obtained with STED along the axial direction using the 4Pi illumination geometry, but the same imaging scheme does not provide super resolution in the lateral dimensions (1) .
Here, we demonstrate 3D STORM imaging with a spatial resolution that is 10 times better than the diffraction limit in all three dimensions without invoking sample or opticalbeam scanning. STORM and PALM rely on single-molecule detection (16) and exploit the photoswitchable nature of certain fluorophores to temporally separate the otherwise spatially overlapping images of numerous molecules, thereby allowing the high-precision localization of individual molecules (4) (5) (6) (7) 9) . Limited only by the number of photons detected (17) , localization accuracies as high as 1 nm can be achieved in the lateral dimensions for a single fluorescent dye at ambient conditions (18) . Not only can the lateral position of a particle be determined from the centroid of its image (19, 20) , the shape of the image also contains information about the particle's axial (z) position. Nanoscale localization accuracy has been achieved in the z dimension by introducing defocusing (21) (22) (23) (24) or astigmatism (25, 26) into the image, without substantially compromising the lateral positioning capability.
In this work, we used the astigmatism imaging method to achieve 3D STORM imaging. To this end, a weak cylindrical lens was introduced into the imaging path to create two slightly different focal planes for the x and y directions ( Fig. 1A) (25, 26) . As a result, the ellipticity and orientation of a fluorophore's image varied as its position changed in z ( Fig.  1A) : When the fluorophore was in the average focal plane [approximately halfway between the x and y focal planes where the point spread function (PSF) has equal widths in the x and y directions], the image appeared round; when the fluorophore was above the average focal plane, its image was more focused in the y direction than in the x direction and thus appeared ellipsoidal with its long axis along x; conversely, when the fluorophore was below the average focal plane, the image appeared ellipsoidal with its long axis along y. By fitting the image with a 2D elliptical Gaussian function, we obtained the x and y coordinates of the peak position as well as the peak widths w x and w y , which in turn allowed the z coordinate of the fluorophore to be unambiguously determined.
To experimentally generate a calibration curve of w x and w y as a function of z, we immobilized Alexa 647-labeled streptavidin molecules or quantum dots on a glass surface and imaged individual molecules to determine the w x and w y values as the sample was scanned in z ( Fig. 1B) . In 3D STORM analysis, the z coordinate of each photoactivated fluorophore was then determined by comparing the measured w x and w y values of its image with the calibration curves. In addition, for samples immersed in aqueous solution on a glass substrate, all z localizations were rescaled by a factor of 0.79 to account for the refractive index mismatch between glass and water [see (27) for a detailed description of the analysis procedures].
The 3D resolution of STORM is limited by the accuracy with which individual photoactivated fluorophores can be localized in all three dimensions during a switching cycle. We re-cently discovered a family of photoswitchable cyanine dyes (Cy5, Cy5.5, Cy7, and Alexa 647) that can be reversibly cycled between a fluorescent and a dark state by light of different wavelengths. The reactivation efficiency of these photoswitchable "reporters" depends critically on the proximity of an "activator" dye, which can be any one of a variety of dye molecules (e.g., Cy3, Cy2, Alexa 405) (5, 28) . We used Cy3 and Alexa 647 as the activator and reporter pair to perform 3D STORM imaging. A red laser (657 nm) was used to image Alexa 647 molecules and deactivate them to the dark state; a green laser (532 nm) was used to reactivate Alexa 647 in a Cy3-dependent manner (5, 28) . Each activator-reporter pair could be cycled on and off hundreds of times before permanent photobleaching occurred. An average of 6000 photons were detected per switching cycle by means of objective-type total internal reflection fluorescence or epifluorescence imaging geometry. This reversible switching behavior provided an internal control to measure the localization accuracy. To this end, we immobilized streptavidin molecules doubly labeled with Cy3 and Alexa 647 on a glass surface (27) . The molecules were then switched on and off for multiple cycles, and their x, y, and z coordinates were determined for each switching cycle (27) . This procedure resulted in a cluster of localizations for each molecule (Fig. 1C) . The standard deviations of the localization distribution obtained within 100 nm of the average focal plane were 9 nm in x, 11 nm in y, and 22 nm in z, and the corresponding full width at half maximum (FWHM) values were 21 nm, 26 nm, and 52 nm, providing a quantitative measure of the localization accuracy in 3D (Fig. 1C) . The localization accuracies in the two lateral dimensions were similar to our previous 2D STORM resolution obtained without the cylindrical lens (5) . The localization accuracy in z was approximately twice the localization accuracy measured in x and y. Because the image width increases as the fluorophore moves away from the focal plane, the localization accuracy decreases with increasing absolute values of z, especially in the lateral dimensions. Therefore, we typically chose a z imaging depth of about 600 nm near the focal plane, within which the lateral and axial localization accuracies varied by factors of <1.6 and <1.3, respectively, relative to the values obtained at the average focal plane. The imaging depth may, however, be increased by the use of z scanning in future experiments.
As an initial test of 3D STORM, we imaged a model bead sample prepared by immobilizing 200-nm biotinylated polystyrene beads on a glass surface and then incubating the sample with Cy3-and Alexa 647-labeled streptavidin to coat the beads with photoswitchable probes (27) . Three-dimensional STORM images of the beads were obtained by iterative, stochastic activation of sparse subsets of optically resolvable Alexa 647 molecules, allowing the x, y, and z coordinates of individual molecules to be determined. Over the course of multiple activa-tion cycles, the positions of numerous fluorophores were determined and used to construct a full 3D image (27) . The projections of the bead images appeared approximately spherical when viewed along all three directions, with average diameters of 210 ± 16, 225 ± 25, and 228 ± 25 nm in x, y, and z, respectively ( fig. S1) (27) , indicating accurate localization in all three dimensions. Because the image of each fluorophore simultaneously encodes its x, y, and z coordinates, no additional time was required to localize each molecule in 3D STORM as compared with 2D STORM imaging.
Applying 3D STORM to cell imaging, we next performed indirect immunofluorescence imaging of the microtubule network in green monkey kidney epithelial (BS-C-1) cells. Cells were immunostained with primary antibodies and then with secondary antibodies doubly labeled with Cy3 and Alexa 647 (27) . The 3D STORM image not only showed a substantial improvement in resolution over the conventional wide-field fluorescence image (Fig. 2, A and B) , but also provided the z-dimension information (color-coded in Fig. 2B ) that was not available in the conventional image. Multiple layers of microtubule filaments were clearly visible in the x-y, x-z, and y-z cross sections of the cell (Fig. 2 , C to E, and movie S1) (27) .
To characterize our cell imaging resolution more quantitatively, we identified point-like objects in the cell that appeared as small clusters of localizations away from any discernible microtubule filaments. These clusters likely represent individual antibodies nonspecifically attached to the cell. The FWHM values of these clusters, which were randomly chosen over the entire measured z-range of the cell, were 22 nm in x, 28 nm in y, and 55 nm in z ( fig. S2) (27) , similar to those determined for individual molecules immobilized on a glass surface (compare fig. S2 with Fig. 1C ). Two microtubule filaments separated by 100 nm in z appeared well separated in the 3D STORM image (Fig. 2F) . The apparent width of the microtubule filaments in the z dimension was 66 nm, slightly larger than our intrinsic imaging resolution in z and in quantitative agreement with the convolution of the imaging resolution and the independently measured width of the antibody-coated microtubule (Fig. 2F ). Because the effective resolution is determined by a combination of the intrinsic imaging resolution (as characterized above) and the size of the labels (e.g., antibodies), improved resolution may be achieved by using direct immunofluorescence to remove one layer of antibody labeling, as we show in the next example, or by using Fab fragments or genetically encoded peptide tags (29, 30) in place of antibodies.
Finally, to demonstrate that 3D STORM can resolve the 3D morphology of nanoscopic structures in cells, we imaged clathrin-coated pits (CCPs) in BS-C-1 cells. CCPs are spherical cage-like structures, about 150 to 200 nm in size, assembled from clathrin and cofactors on the cytoplasmic side of the cell membrane to facilitate endocytosis (31) . To image CCPs, we adopted a direct immunofluo-rescence scheme using primary antibodies against clathrin doubly labeled with Cy3 and Alexa 647 (27) . When imaged by conventional fluorescence microscopy, all CCPs appeared as nearly diffraction-limited spots with no discernible structure (Fig. 3A) . In 2D STORM images in which the z-dimension information was discarded, the round shape of CCPs was clearly seen (Fig. 3, B and D) . The size distribution of CCPs measured from the 2D projection image, 180 ± 40 nm, agrees quantitatively with the size distribution determined using electron microscopy (EM) (32) . Including the z-dimension information allowed us to clearly visualize the 3D structure of the pits (Fig. 3, C and E to H) . Figures 3C and 3E show the x-y cross sections of the image, taken from a region near the opening of the pits at the cell surface. The circular ringlike structure of the pit periphery was unambiguously resolved. Consecutive x-y and x-z cross sections of the pits (Fig. 3 , F to H) clearly revealed the half-spherical cage-like morphology of these nanoscopic structures that was not observable in the 2D images. These experiments demonstrate the ability of 3D STORM to resolve nanoscopic features of cellular structures with molecular specificity under ambient conditions.
